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OBJECTIVES The goal of the present study was to compare the accuracy of in vivo tissue characterization
obtained by intravascular ultrasound (IVUS) radiofrequency (RF) data analysis, known as
Virtual Histology (VH), to the in vitro histopathology of coronary atherosclerotic plaques
obtained by directional coronary atherectomy.
BACKGROUND Vulnerable plaque leading to acute coronary syndrome (ACS) has been associated with
specific plaque composition, and its characterization is an important clinical focus.
METHODS Virtual histology IVUS images were performed before and after a single debulking cut using
directional coronary atherectomy. Debulking region of in vivo histology image was predicted
by comparing pre- and post-debulking VH images. Analysis of VH images with the
corresponding tissue cross section was performed.
RESULTS Fifteen stable angina pectoris (AP) and 15 ACS patients were enrolled. The results of IVUS
RF data analysis correlated well with histopathologic examination (predictive accuracy from
all patients data: 87.1% for fibrous, 87.1% for fibro-fatty, 88.3% for necrotic core, and 96.5%
for dense calcium regions, respectively). In addition, the frequency of necrotic core was
significantly higher in the ACS group than in the stable AP group (in vitro histopathology:
22.6% vs. 12.6%, p  0.02; in vivo virtual histology: 24.5% vs. 10.4%, p  0.002).
CONCLUSIONS Correlation of in vivo IVUS RF data analysis with histopathology shows a high accuracy. In
vivo IVUS RF data analysis is a useful modality for the classification of different types of
coronary components, and may play an important role in the detection of vulnerable
plaque. (J Am Coll Cardiol 2006;47:2405–12) © 2006 by the American College of
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.02.044Cardiology Foundation
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ctherosclerosis and its thrombotic complications are the
eading cause of morbidity and mortality in industrialized
ountries. Rupture of vulnerable atherosclerotic plaques is
he cause of most acute coronary syndrome (ACS). Athero-
clerotic stability is related to its histologic composition, risk
tratification, and treatment of high-risk lesions before
upture.
Gray scale intravascular ultrasound (IVUS) is a useful
odality for characterizing the extent and distribution of
therosclerotic plaques in vivo as well as for the determina-
ion of the morphology of atherosclerotic plaques and the
essel wall (1–3). However, the region of low echogenicity,
hich is thought to represent the composition of lipid-
ontaining and mixed plaque, remains relatively uncharac-
erized by gray scale IVUS (1,2).
From the *Department of Cardiology, Toyohashi Heart Center, Toyohashi-city,
ichi, Japan; †Department of Biomedical Engineering, The Cleveland Clinic
oundation, Cleveland, Ohio; and the ‡Department of Cardiovascular Pathology,
rmed Forces Institute of Pathology, Washington, DC. This study was supported by
grant from Volcano Therapeutics, Inc., Rancho Cordova, California.o
Manuscript received October 10, 2005; revised manuscript received January 27,
006, accepted February 7, 2006.Spectral analysis of the radiofrequency (RF) ultrasound
ackscatter signals known as Virtual Histology (VH) offers
n in vivo opportunity to assess plaque morphology (4–7).
ndeed, the VH IVUS technology (Volcano Therapeutics,
nc., Rancho Cordova, California) has been shown to have
80% to 92% in vitro accuracy when used to identify the
our different types of atherosclerotic plaques (e.g., fibrous,
bro-fatty, dense calcium, and necrotic core) (4). However,
o quantitative in vivo histologic comparisons or validations
xist. Therefore, the goal of the present study was to
ompare the accuracy of in vivo tissue characterization
btained by VH IVUS RF data analysis to the in vitro
istopathology of coronary atherosclerotic plaques obtained
y directional coronary atherectomy (DCA), and also to
valuate the differences in plaque compositions between
table angina pectoris (AP) and ACS.
ETHODS
tudy design. The present study is a prospective single-
enter registry. The inclusion criteria consisted of patients
lder than 18 years of age with either symptomatic stable
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In Vivo Virtual Histology June 20, 2006:2405–12P or ACS (Braunwald class IIIB, with positive serum
arkers) who were good candidates for percutaneous coro-
ary revascularization. Angiographic inclusion criteria were:
) target vessel reference diameter of 2.5 mm by visual
stimation to allow the use of the FLEXI-CUT atherocath-
ter (Guidant Corp., Santa Clara, California; 2) one de-
ovo culprit lesion of 50% diameter stenosis, as deter-
ined by on-line quantitative coronary angiography; 3)
ild-to-moderate vessel tortuosity; and 4) left ventricular
jection fraction 30%. Exclusion criteria were: 1) contra-
ndications to IVUS examination; 2) severe peripheral
ascular diseases that precluded the use of a 8-F arterial
heath; 3) other concomitant diseases or medical conditions
hat could impact patient/procedural outcomes, such as
istory of bleeding diathesis, stroke, or transient ischemic
eurological attacks within the past year or hypersensitivity
o heparin, aspirin, ticlopidine or X-ray contrast media; and
) a positive pregnancy test.
The institutional review board of our institution approved
he study, and all patients gave written, informed consent.
rocedure and data acquisition. The schema of procedure
nd data acquisition is illustrated in Figure 1. After baseline
ngiography, a 3.2-F, 30-MHz catheter (Boston Scientific
cimed Inc., Maple Grove, Minnesota) was placed distal to
he target lesion. The catheter tip position was determined
y infusion of contrast media, and was subsequently pulled
Abbreviations and Acronyms
ACS  acute coronary syndrome
AP  angina pectoris
DCA  directional coronary atherectomy
IVUS  intravascular ultrasound
RF  radiofrequency
VH  Virtual Histology
igure 1. Schematic description of the procedure and data acquisition.
fter the initial angiogram, intravascular ultrasound (IVUS) with
lectrocardiogram-gated radiofrequency (RF) data was recorded. Direc-
ional coronary atherectomy was performed just one time with high
ressure at the target lesion, and the tissue sample was extracted from thefi
therocatheter for post-processing. After debulking, an angiogram and
lectrocardiogram-gated RF data acquisition were performed.ack to the aortic ostium using a motorized pullback system
et at 0.5 cm/s. During pullback, gray scale IVUS was
ecorded on super VHS videotape for off-line analysis, and
aw RF data was captured at the top of the R-wave for
econstruction of the color-coded map by a VH data
ecorder (Volcano Therapeutics, Inc.). The captured RF
ata were written on optical discs and sent to the Cleveland
linic Foundation (Cleveland, Ohio) for VH IVUS
nalysis.
Directional coronary atherectomy was performed at the
egion of the target lesion that corresponded to minimal
uminal diameter on gray scale IVUS. Debulking was
erformed just one time with high pressure. The DCA
rocedure was performed and recorded in accordance with
ospital standard of care. Angiography and IVUS with
lectrocardiogram-gated raw RF data acquisition were re-
eated after the atherectomy. The tissue sample was ex-
racted from the atherocatheter and marked with a small
lip or ink at the distal end.
During DCA, the tissue sample was assumed to be cut
nd pushed into the nosecone. However, it was not certain
hat the tissue sample was only pushed into the nosecone,
ut could possibly be curled into it, therefore misleading the
arking of the proximal and distal end of the tissue sample.
o address this issue, an in vitro experiment was performed
s follows: 1) red ink was injected in a piece of porcine aorta;
) an atherocatheter was positioned with the proximal end
f the cutter window placed on the ink injected region; 3)
he window was pressed on the aortic wall by finger, and the
ebulking procedure was performed; and 4) saline was
njected from the tip of the nosecone, and the direction of
he extracted tissue was evaluated. Over the 20 samples
btained with this method, the end of the tissue sample was
eversed only one time.
uantitative analysis. Angiography was performed in at
east two projections. Pre-debulking on-line quantitative
oronary angiography was conducted utilizing the view
evealing the highest degree of stenosis, and severity of
oronary stenosis was measured using the Cardiovascular
easurement System (CMS-MEDIS Medical Imaging
ystem, Leiden, the Netherlands). The lesion length, ref-
rence diameter, minimal luminal diameter, and diameter
tenosis was calculated off-line by an independent operator.
nalysis of cine frames was performed in end-diastole.
istopathology analysis. The length of tissue sample was
easured immediately after extraction from the catheter.
issue samples were immersion-fixed in 10% neutral-
uffered formalin, processed for paraffin embedding, and
liced into 4-m sections every 0.5 mm, starting proximally.
fter staining with hematoxylin and eosin, histology sec-
ions were forwarded to the Armed Forces Institute of
athology (Washington, DC) and analyzed by an isolated
perator who was blinded to the IVUS data acquisition.
our plaque components (fibrous tissue, fibro-fatty, necrotic
ore, and dense calcium) were defined (4,5) as follows: 1)
brous tissue: areas of densely packed collagen; 2) fibro-
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June 20, 2006:2405–12 In Vivo Virtual Histologyatty: fibrous tissue with significant lipid interspersed in
ollagen; 3) necrotic core: necrotic regions consisting of
holesterol clefts, foam cell, and microcalcifications; and 4)
ense calcium: calcium depositing without adjacent necro-
is. After analysis, the digitized histopathologic images and
description of the data were forwarded to the Cleveland
linic Foundation for correlative analysis.
ray scale IVUS analysis. From the pre-debulking IVUS
ata, the smallest lumen at the culprit lesion was identified
rom clockwise and longitudinal plaque distribution. Calcu-
ations were performed by an experienced operator. Vessel
ross-sectional area and lumen cross-sectional area were
alculated, and the difference between the two values was
efined as plaque plus media cross-sectional area. Percent
laque plus media cross-sectional area was defined as plaque
lus media cross-sectional area divided by vessel cross-
ectional area.
H IVUS analysis. Virtual histology analysis was per-
ormed at The Cleveland Clinic Foundation. Atheroscle-
otic coronary plaques were characterized by classification
igure 2. Schematic description of the Virtual Histology (VH) intravascula
ate of about 60 beats/min. After the proximal end of debulking was detec
mage (distance 0) was calculated. Knowing the R-R interval (s) and the p
etween each VH images was calculated as follows: distance between two
alculated as 0.5 mm ( each distance of cutting tissue) times the ratio of p
hat was closest to each section was chosen as the corresponding color-cod
omparison of pre- with post-debulking VH images. The predicted debulking ar
r absence of the four different components.rees based on mathematical autoregressive spectral analysis
f IVUS backscattered data (IVUSLab software, Volcano
herapeutics, Inc.), as described previously (8). The pres-
nce of fibrous, fibro-fatty, necrotic core, and dense calcium
reas were assessed within the region of target lesion using
re- and post-debulking RF data collection scans. Fibrous
reas were marked in green, fibro-fatty in yellow, dense
alcium in white, and necrotic core in red. Finally, the
redicted plaque composition was displayed as a color-
oded tissue map. Virtual histology analysis was performed
y an experienced analyst who was blinded to the in vitro
istopathologic analysis.
H IVUS-histopathology correlation analysis. Correla-
ion analysis methodology is shown in Figure 2.
. On the post-debulking gray scale IVUS, the proximal
end of the debulking site was identified, and its distance
from a proximal side branch (landmark) was accurately
measured. In order to identify the proximal end of the
sound procedure and in vitro histopathology correlation analysis for a heart
he longitudinal distance from the proximal end to the most proximal VH
ck speed of the intravascular ultrasound catheter (0.5 mm/s), the distance
images (mm)  R-R interval  0.5. The distance between sections was
d length of tissue sample (mm) to post-fixed length (mm). The VH image
ap, and the debulked area on pre-debulking VH images was predicted byr ultra
ted, t
ullba
VH
re-fixe
ed mea was compared visually with the histology section to assess the presence
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In Vivo Virtual Histology June 20, 2006:2405–12debulking site on the pre-debulking IVUS images, this
distance was measured from the same landmark.
. Knowing the R-R interval (s) and the pullback speed of
the IVUS catheter (0.5 mm/s), the distance between
each VH images was calculated as follow: distance
between two VH images (mm)  R-R interval  0.5.
. Knowing the interval (s) between the proximal end of
debulking site and the nearest top of R-wave, its
distance could be calculated as follows: distance 0 
interval  0.5.
. The distance between histology sections was calculated
as 0.5 mm ( distance of cutting tissue) times the ratio
of pre-fixed length of tissue sample (mm) to post-fixed
length (mm) in order to correct for a 20% to 30% tissue
sample shrinking during post-processing (8).
. The VH image that was closest to each section was
chosen as the corresponding color-coded map.
. The debulked area on pre-debulking VH images was
predicted by comparison of pre- with post-debulking
VH images.
. Histology sections and correlating VH images were
assessed visually for the presence or absence of the four
different components.
tatistical analysis. Continuous data are represented as
ean values SD. Categoric data are expressed as frequen-
ies of occurrence, and differences between groups were
ompared with chi-square tests. Comparison of continuous
ariables were performed by two-tailed unpaired Student t
est for normally distributed variables and by Mann-
hitney test for variables with skewed distribution. Stat-
iew version 5.0 (Abacus Concepts Inc., Berkeley, Califor-
ia) was used for data analysis. A probability value of0.05
as considered to indicate statistical significance. The
esults from VH images were validated with the corre-
ponding histopathology to determine predictive accuracy,
ensitivity, and specificity from widely accepted equations in
iomedical literature (9).
Table 1. Baseline Demographic and Clinical D
Total
(n  30)
Age, yrs (mean  SD) 64.0  8.4
Men, % 87
Systemic hypertension, % 53
Diabetes mellitus, % 10
Hyperlipidemia, % 57
Current smoker, % 20
Prior PCI, % 20
Prior myocardial infarction, % 17
Prior coronary bypass, % 0
LVEF, % (mean  SD) 53.68  5.4
Values are mean  SD when appropriate. A chi-square
Mann-Whitney rank sum test was used for continuous dat
considered statistically significant.ACS  acute coronary syndrome; AP  angina pectoris; LVE
coronary intervention.ESULTS
aseline characteristics and procedural data. Between
ay 2004 and July 2005, 30 patients (15 patients with
table AP and 15 patients with ACS) met eligibility
riteria for this study and were enrolled. Baseline demo-
raphic and clinical data are summarized in Table 1.
here were no significant differences between the two
roups. Baseline lesion characteristics and procedural
ata are summarized in Table 2. All lesion characteristics
nd debulking pressure were well matched between the
wo groups. No complications, including perforation,
o-reflow, need for emergency bypass surgery or death,
ccurred during DCA.
orrelation of in vivo and in vitro histology. The pre-
ictive accuracy, sensitivity, and specificity for correlation
nalysis are shown in Table 3. The mean longitudinal gap
etween the VH image and the in vitro histology section
as 0.11  0.07 mm (range, 0 to 0.32 mm). Fibrous,
bro-fatty, necrotic core, and dense calcium regions were
lassified with high predictive accuracies of 87.1%, 87.1%,
8.3%, and 96.5%, respectively, using data from all patients.
his trend was also observed in both subgroups.
Representative examples of color-coded tissue maps of
H were compared, and their comparison with the corre-
ponding hematoxylin and eosin stained sections are shown
n Figure 3. Gray scale IVUS could not differentiate necrotic
ore and fibro-fatty plaque (labeled as low-density area;
ases 1a and 2a). In contrast, color-coded maps obtained by
H IVUS analysis could distinguish fibro-fatty plaque
labeled as yellow area; cases 1b and 2b) and necrotic core
as red area; cases 1b and 2b) with dense calcium as white.
he predicted debulking area (within blue circle) showed a
avorable correlation with in-vitro histopathology (cases 1d
nd 2d).
issue samples and in vitro histopathologic findings. The
ean length of debulked tissue samples was 6.89  1.69
m, and there was no significant difference when compar-
ng the two groups (stable AP, 6.27  1.48 mm vs. 7.70 
Stable AP
(n  15)
ACS
(n  15) p Value
63.1  6.9 67.0  8.6 0.88
87 87
67 40 0.27
13 7
60 53
13 27 0.65
20 20
20 13
0 0
53.9  5.1 53.6  6.5 0.88
as used for categorical data: unpaired Student t test or
een stable AP and ACS groups. Values of p  0.05 wereata
test w
a betwF  left ventricular ejection fraction; PCI  percutaneous
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June 20, 2006:2405–12 In Vivo Virtual Histology.72 mm, p  0.12). Thrombi were observed more fre-
uently in the ACS group than in the stable AP group
26.7% cases of stable AP and all cases of ACS patients).
he frequency of each tissue component presence is illus-
rated in Table 4. A total of 307 sections were obtained
stable AP, n  144; ACS, n  163). The presence of
ecrotic core tissue was observed more frequently in the
CS group than in the stable AP group (22.6% vs. 12.5%,
 0.02). In contrast, there were no significant differences
n the frequency of the other plaque components when
omparing the two groups.
n vivo VH images. The frequency of each plaque com-
onent at the predicted debulking area, identified from the
omparison between pre- and post-debulking VH images, is
llustrated in Table 4. The presence of necrotic core and
ense calcium were observed more frequently in the ACS
roup than in the stable AP group (24.5% vs. 10.4%, p 
.002; 11.1% vs. 4.1%, p  0.03).
Table 2. Baseline Lesion Characteristics and P
Total
(n  30)
Vessel treated, %
LAD 53
LCX 6
RCA 33
LMT 8
AHA/ACC type, %
A/B1 40
B2/C 60
Calcified, % 13
Ostial, % 23
Eccentric, % 67
Thrombus, % 10
Lesion length, mm 17.5  6.5
Reference diameter, mm 3.6  0.6
Minimal luminal diameter, mm 1.3  0.4
Diameter stenosis, % 65.0  8.9
Vessel CSA, mm2 16.0  4.8
Lumen CSA, mm2 2.2  1.2
Percent PA, % 85.9  7.4
Heart rate, beats/min (range) 62  11 (45–82
Debulking pressure, psi 73  12
Values are mean  SD when appropriate. A chi-square
Mann-Whitney rank sum test was used for continuous dat
considered statistically significant.
ACC  American College of Cardiology; ACS  acute
angina pectoris; CSA  cross-sectional area; LAD  left ant
main trunk; PA  plaque plus media CSA; RCA  right c
able 3. Results of Virtual Histology and In Vitro Histology Co
Sensitivity
Total
(n  307)
Stable AP
(n  144)
ACS
(n  163)
Total
(n  307)
T 86 86.1 85.1 90.5
F 79.3 77.3 81.2 100
C 67.3 60.1 70 92.9
C 50 66 44.4 98.9ensitivity, specificity, and predictive accuracy are shown in %.
ACS  acute coronary syndrome; AP  angina pectoris; DC  dense calcium; FF ISCUSSION
his is the first clinical study to assess the accuracy of in vivo
istology for the diagnosis of plaque composition. Our
ingle-center experience showed that in vivo tissue charac-
erization by IVUS-based RF analysis favorably correlated
ith the results of in vitro histopathologic examination of
issue samples obtained by DCA. Thus, the use of VH
VUS for differentiating components of atherosclerotic
issue was achieved with high predictive accuracy.
haracterization of plaque components. Several charac-
eristics inherent to IVUS imaging offer potential advan-
ages in the evaluation of coronary disease. This tomo-
raphic orientation is able to visualize the full circumference
f the vessel wall, examine arterial remodeling, and assess
he thickness and echogenicity of atherosclerotic plaques
10–13). However, identification of atherosclerotic plaque
omponents by densitometric category of gray scale IVUS is
ural Data
Stable AP
(n  15)
ACS
(n  15) p Value
53 53
40 0
33 33
10 14
40 40
60 60
20 7
33 13
80 53
0 20
16.6  5.9 18.6  7.3 0.42
3.6  0.7 3.6  0.5 0.82
1.4  0.4 1.1  0.3 0.10
62.2  7.1 68.4  10.0 0.06
16.0  5.5 16.0  4.3 0.99
2.5  1.2 1.9  1.2 0.26
84.5  5.9 87.3  8.5 0.36
64  11 (46–82) 65  11 (45–80) 0.82
75  12 72  11 0.22
as used for categorical data; unpaired Student t test or
een stable AP and ACS groups. Values of p  0.05 were
ry syndrome; AHA  American Heart Association; AP 
escending artery; LCX  left circumflex artery; LMT  left
y artery.
ion Analysis
cificity Predictive Accuracy
le AP
144)
ACS
(n  163)
Total
(n  307)
Stable AP
(n  144)
ACS
(n  163)
83.3 92.3 87.1 85.6 86.6
00 100 87.1 85.5 88.6
93 92.7 88.3 88.9 87.5
98.5 99.3 96.5 97.2 96.1roced
)
test w
a betw
coronarrelat
Spe
Stab
(n 
1fibro-fatty; FT  fibrous tissue; NC  necrotic core.
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In Vivo Virtual Histology June 20, 2006:2405–12imited because of processing of the raw RF data (time-gain
ompensation, logarithmic compression, and envelope de-
ection, and so on), and also interpretation must rely on
imple visual inspection of acoustic reflections to deter-
ine plaque component. In previous in vivo or ex vivo
tudies, calcified and fibrous plaques were well identified
y their hyperechoic appearance and homogeneous echo-
ardiographic reflection (1–3,14 –16). However, discrim-
nation between lipid-containing and mixed (fibro-lipidic
laque), labeled as a region of low-density in gray scale
VUS remains difficult to achieve (1,2,17). Besides,
nalysis of tissue behind a calcification is difficult of
ignal attenuation.
In a previous study of the correlation of gray scale IVUS
mage with in vitro histopathology of an atherectomy
ample, gray scale IVUS could not differentiate plaque
ompositions (18). However, previous ex vivo studies
howed that characterization of different plaque component
s feasible with the analysis of IVUS RF data (4–7). Further,
his modality had potential clinical applications, as color-
igure 3. Pre-debulking gray scale intravascular ultrasound images, color-
istology intravascular ultrasound, and histology sections. (Case 1) Acute
esion. Note the heterogeneity of the plaque beside the plate of calcium wit
irtual histology intravascular ultrasound. Note the superficial necrotic c
olor-coded map. Predicted debulking area within the blue circle in 1b. (
Case 2) Stable angina pectoris. (2a) Gray scale intravascular ultrasound im
olor-coded map of 2a reconstructed by virtual histology intravascular ultra
issue (green) and fibro-fatty plaque (yellow). (2c) Post-debulking color-co
nding with fibrous tissue and fibro-fatty plaque. Bars  500 m.
able 4. Frequency of Each Plaque Phenotype Presence in In Vi
Histopathology
Total
(n  307)
Stable AP
(n  144)
ACS
(n  163)
resence of FT, % 80.7 82.6 79.1
resence of FF, % 62.2 63.8 60.7
resence of NC, % 17.9 12.5 22.6
resence of DC, % 4.8 4.1 5.5chi-square test was used for analysis between stable AP and ACS groups. Values of p 
ACS  acute coronary syndrome; AP  angina pectoris; DC  dense calcium; FF oding of plaque components allowed real-time evaluation
uring the procedure (Fig. 3). The present data from the in
ivo IVUS RF analysis and the in vitro histopathologic
mages correlated well, indicating that VH IVUS is a useful
odality for real-time characterization of clinically relevant
laque components.
However, although the frequency of dense calcium in
he in vitro histology was not significantly different when
omparing the two groups, in vivo VH images suggested
n increase in dense calcium in the ACS group when
ompared with the stable AP group. Thus, although in
ivo data correlated well with in vitro histology (predic-
ive accuracy of 96.5%), the RF data analysis overesti-
ated the frequency of calcifications. A previous report
howed that the extent of calcium detected by electron-
eam computed tomography was greater than would have
een expected with regard to their age and gender (19).
owever, some post-mortem pathologic analyses of coro-
ary arteries reported that calcium was a frequent feature of
laque rupture (20,21); others showed that ruptured plaques
maps of pre- and post-debulking target lesions reconstructed by Virtual
ary syndrome. (1a) Gray scale intravascular ultrasound image at the target
ustic shadow. (1b) Pre-debulking color-coded map of 1a reconstructed by
ed) beside the plate of the dense calcium (white). (1c) Post-debulking
istologic finding with fibrous tissue, fibro-fatty plaque, and necrotic core.
of target lesion. Note the heterogeneity of the plaque. (2b) Pre-debulking
. Note the necrotic core (red) with thick fibrous cap consisting of fibrous
ap. Predicted debulking area within the blue circle in 2b. (2d) Histologic
istopathology Sections and In Vivo Virtual Histology
Virtual Histology
Value
Total
(n  307)
Stable AP
(n  144)
ACS
(n  163) p Value
0.47 93.1 95.1 85.2 0.19
0.64 78.5 82.5 74.8 0.13
0.02 17.9 10.4 24.5 0.002
0.61 7.8 4.1 11.1 0.03coded
coron
h aco
ore (r
1d) H
age
soundtro H
p0.05 were considered statistically significant.
fibro-fatty; FT  fibrous tissue; NC  necrotic core.
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June 20, 2006:2405–12 In Vivo Virtual Histologyere less likely to be calcified in ACS patients (22,23).
hus, coronary calcium is not a marker for neither unstable
or stable plaques. Possible explanations for this overesti-
ation may be as follows: 1) the IVUS beam is approxi-
ately 300 m in longitudinal thickness, whereas the
istology section is only 4-m thick. A VH image therefore
ncludes more tissue than a histology section; 2) the pres-
nce of calcium occurred with a very low frequency in this
arget lesion population; and 3) artifact is colored with white
ecause the software for VH analysis is obliged to assign one
f the four colors for each pixel.
bility for detection of vulnerable plaques. The vulner-
bility of plaque to rupture is typically characterized by the
resence of a necrotic core, which is a region of the
broatheroma that is largely devoid of viable cells and
onsists of cellular debris and cholesterol clefts, a thin
brous cap (65 m), and macrophage infiltration (24,25).
upture of vulnerable plaques is defined as a necrotic core
ith a thin fibrous cap that is disrupted or ruptured (26–28)
nd their identification before rupture is an important
linical goal. In the present study, the presence of necrotic
ore was significantly higher in the ACS group than in the
table AP group, and these results correlated with between
H and histopathology data. The presence of necrotic core
n debulking tissue, which is the part of atherosclerotic
laque situated at the lumen border, may possibly be the
ign for a thin cap fibroatheroma.
The great advantage of VH IVUS is that it is based on a
evice that is practical for use in the clinical setting and that
t generates a real-time assessment of plaque morphology.
owever, because this technology is based on IVUS with a
aximum radial resolution of 100 m, it cannot evaluate
he presence or absence of a thin fibrous cap. Various
nvasive and noninvasive imaging techniques have been
mployed to detect vulnerable plaque (29–36), and the
ombination of these modalities may help in overcoming
heir individual limitations. For example, improved results
ay be obtained by combining the use of anatomic meth-
ds, including IVUS, VH IVUS, elastography, and optical
oherence tomography, with functional imaging methods,
uch as thermography.
tudy limitations. This study has several limitations. First,
lthough 307 pairs of VH IVUS images and correlating
istologic slices were obtained prospectively, only 30 pa-
ients from one center were involved. Study of larger patient
opulations from various centers is warranted to confirm
hese data.
Second, tissue samples obtained by DCA consisted of
nly the superficial part of the atherosclerotic plaque, which
re smaller than artery samples obtained from autopsies, and
ield smaller histologic section areas. However, the cross
ectional location in the atherosclerotic plaque could be
dentified by comparing pre- and post-procedural VH
VUS images.
Third, it is possible that the extracted tissue reversed in
he nosecone. Extrapolating the results from our in-vitro Experiment described in the Methods section, this may have
appened in one or two tissue samples of the current study.
e calculated the sensitivity, specificity, and predictive
ccuracy that would have been obtained if a sample was
eversed, and repeated it for each of the 30 samples. The
esults were, however, in a similar range.
Fourth, for the extracted tissue sample, there is a selection
ias in the kind of lesion included in the present study by
he fact that DCA is not an adequate method for calcified
esions. This may explain the fact that the presence of
alcium occurred with a very low frequency in the present
tudy population. Despite this fact, correlation analysis
etween predicted debulking area in the in vivo histology
nd in the in vitro histopathology showed favorable results
nd high predictive accuracy.
Fifth, although atherothrombi caused by plaque rupture,
laque erosion, and calcified nodules that protrude into the
umen occur in cases of ACS (37), the present version of
H IVUS technology is unable to differentiate thrombus.
his algorithm relies on the placement of two borders,
amely the luminal border and the media-adventitia border,
o that small thrombus within these two borders might lead
ncorrect tissue characterization.
Sixth, the location of each VH image and histology
ection was identified as accurately as possible (Fig. 2).
owever, the pre- and post-procedural color-coded map
ay vary from the in-vitro histology section, because the RF
ata is captured at only the top of the R-wave, and the tissue
ample may shrink during post-processing (8), leading to
otential bias.
Finally, in this study we used a mechanical IVUS catheter
or the recording of the RF data. The analysis software
rocessing these data is almost identical to the one used
ith the phased-array IVUS catheter, which is commer-
ially available. In this study, an IVUS pullback was per-
ormed with both systems in 10 patients with 85 sections. In
hese 85 sections, the predictive accuracies for the mechan-
cal system were 86.8% for fibrous, 83.1% for fibro-fatty,
9.6% for necrotic core, and 96.9% for dense calcium,
espectively. The predictive accuracies for the phased-array
ystem were 87.8%, 79.7%, 91.1%, and 97.8%, respectively.
he results obtained by both systems are similar. Conse-
uently, the results of this study support as well the use of
H obtained with a phased-array system.
onclusions. A color-coded mapping method using IVUS
F data analysis is useful to identify atherosclerotic plaque
omponents of human coronary artery in vivo. This tech-
ique may play an important role in detecting vulnerable
laque.
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